Drosophila suzukii attacks on developing soft fruits have recently caused important economic losses in Europe. This study explores the effectiveness of a new control strategy against this insect pest that is based on a plant chitinase extracted from the latex of the Mediterranean spurge, Euphorbia characias. The ability of the purified Euphorbia latex chitinase (ELC) to degrade the chitin exoskeleton of D. suzukii was assessed using confocal laser scanning microscopy. ELC treatment caused reduced larval growth, higher mortality and notable degradation of external insect structures. Therefore, the chitinase may induce a double effect on the D. suzukii larvae, a direct injury on the larval bodies and an action as antifeedant. The effects of the ELC treatment were also tested on leaves of the insect's host plants, Fragaria × ananassa and Rubus idaeus, using physiological parameters (chlorophyll concentration, chlorophyll fluorescence, leaf gas exchange and water potential) and defence gene expression (FaPGIP, FaChi2_1 and FaChi2_2) as stress indicators. ELC at concentrations effective against D. suzukii did not damage the host plants. Only plant defence gene expression was somewhat enhanced during the early hours after ELC application. In conclusion, ELC, a natural product, proved to be an effective tool for use in the development of an environmentally friendly integrated management strategy against D. suzukii, a pest whose control by conventional chemical insecticides is problematic.
Introduction
Chitin, a linear biopolymer of -(1,4) N-acetyl-Dglucosamines, is considered one of the most abundant molecules in the biosphere, as a structural component of arthropods, nematodes, mollusks, insects and the cell walls of fungi and green algae (Rinaudo, 2006) . The exoskeleton of most invertebrates is composed of chitin, which is particularly abundant in marine ecosystems; oceanic crustaceans produce most of its biomass (Merzendorfer, 2013) . The chitin concentration in insects varies from 2% in cockroach (Periplaneta) to 64% in the sulphur butterfly (Pieris) (Tharanathan & Kittur, 2003) . Previous authors have noted that chitin's abundance makes it an excellent target to develop selective control strategies against pests (Kramer & Muthukrishnan, 1997; Arakane et al., 2012 ).
Insect growth is only possible through the removal and resynthesis of their rigid structures (cuticle and peritrophic membranes). These are common processes that occur during moulting (Merzendorfer & Zimoch, 2003) , in which chitin is degraded by chitinolytic enzymes; chitinases are the best known chitinolytic group. Chitinases hydrolyze chitin glycosidic bonds to low-molecular-weight products (Jabeen & Qazi, 2014) . Chitinases belong to families 18 and 19 in the glycosyl hydrolases classification. Based on their amino-acid composition, they were further classified into different classes: classes I, II and IV are included in family 19, and classes III and V are in family 18 (Neuhaus et al., 1996) .
Chitinases have been found not only in chitin-containing organisms but also in bacteria, plants and vertebrates (Bailey et al., 2005) . For example, Arabidopsis thaliana has 24 chitinase genes belonging to all five chitinase classes that are distributed across all five of its chromosomes (Passarinho et al., 2001) . Bacterial chitinases are involved in nutrition and parasitism (Patil et al., 2000) , although in vertebrates, chitinases can be associated with resistance to nematodes and fungal infections (Boot et al., 1995) . Similarly, plant chitinases have been largely related to defence, and several have been described as pathogenesis-related (PR) proteins that are triggered in response to phytopathogens and pest attack (Boller, 1987; Adrangi & Faramarzi, 2013) .
Of special interest to pest control is the ability of chitinases to degrade the peritrophic membranes and cuticle of insects. Degradation of the peritrophic matrix by chitinases was first published based on in vitro experiments, and the observed perforations proved to be an entry for the pathogen (Brandt et al., 1978) . Later, in vivo evidence was reported by Shahabuddin et al. (1993) , and according to their observations, an exogenous bacterial chitinase avoided the formation of a peritrophic matrix in Anopheles freeborni (the western malaria mosquito) when added to blood on which it was feeding. Successful pest protection of transformed plants with insect chitinases was recently published (Vihervuori et al., 2013; Osman et al., 2015) . The first transformed tobacco plants expressing the hornworm chitinase were better protected, with less leaf damage and pest growth (Ding et al., 1998) . However, a few examples based on plants that were transformed with plant chitinases have been published (Gatehouse et al., 1997; Lawrence & Novak, 2006; Chopra & Saini, 2014) . Moreover, the European moratorium against transgenics makes it necessary and urgent to search for socially supported alternatives to protect crop plants.
Numerous chitinases have been isolated from the latex of plants and are usually related to resistance to phytopathogens and insects (Taira et al., 2005; Freitas et al., 2007; Kitajima et al., 2010; Konno, 2011) . One of these latex-producing plants is Euphorbia characias L., a ubiquitous evergreen shrub and typical member of Mediterranean vegetation. As with other spurges, E. characias presents specialised cells called laticifers that produce latex and exude it when the plants are damaged. Latex composition is highly diversified, with identified substances such as sugars, free radical-scavenging molecules, alkaloids, terpenoid and phenolic compounds, polymeric substances such as resins and gums, starch, oils and numerous proteins (Hagel et al., 2008; Pintus et al., 2011; Spanò et al., 2012; Pintus et al., 2013) . Recently, one of these proteins was identified as a chitinase, and observed for other class III chitinases, the protein was inefficient against fungi (Taira et al., 2005; Spanò et al., 2015) . However, an anti-insect effect was found for latex chitinases of the Morus sp. (Kitajima et al., 2010) and Calotropis procera (Aiton) W.T. Aiton (Fam. Apocynaceae) .
The insecticidal potential of chitinases has been tested in bioassays with model organisms such as Drosophila melanogaster Meigen. Although there are several examples using pest insects, the studies are based on bacterial, fungal or insect chitinases (Hernández-Torres et al., 2004; Binod et al., 2007; Boldo et al., 2009; Prasanna et al., 2013; Li et al., 2014) . Research on the effect of plant chitinases on plant-pest insects is very limited. In this study, we tested the effect of a E. characias latex chitinase (ELC, Euphorbia latex chitinase) on the spotted wing drosophila Drosophila suzukii (Matsamura) (Diptera: Drosophilidae). First described in Japan in 1931, this insect pest was found in the continental USA and Canada in 2008 (Hauser, 2011) . In Europe, it was first detected in 2008 in Spain (Calabria et al., 2012) and Italy (Cini et al., 2012) . It is currently spreading across Europe (EPPO, 2013) and causes serious economic damage to several soft fruit crops (Gabarra et al., 2015) . In Trentino (Italy), the total damage to five selected crops (strawberry, raspberry, blueberry, blackberry and cherries) has been estimated at more than 3.3 million € per year (De Ros et al., 2013) . Chemical control has been used to fight this pest, and other alternative treatments based on sweetie water or apple vinegar with yeast have been proven inefficient (Tochen et al., 2014) . To gain an environmentally friendly method for the control of this insect, we tested ELC on D. suzukii larvae. Our study provides a deeper insight into this plant chitinase with agronomic potential for insect control. Moreover, the effect of the chitinase treatment on the leaves of strawberry plants and raspberry canes, whose fruits are hosts of the spotted wing drosophila, was physiologically and molecularly investigated.
Materials and methods

Euphorbia characias latex collection and chitinase purification
The latex exuded from cut apical branches of 10-15 E. characias plants was collected in Southern Sardinia (Dolianova, CA, Italy; 39 ∘ 24 ′ 19.0 ′′ N and 9 ∘ 12 ′ 57.6 ′′ E). The ELC was purified by magnetic separation followed by DEAE-cellulose chromatography, as described by Spanò et al. (2015) . According to the nucleotide sequence, ELC was classified as a class III endochitinase, and an antifungal assay revealed that, as observed in other class III chitinases, the ELC does not exhibit any inhibitory activity towards four filamentous fungi. The spotted wing drosophila came from a colony reared at Institut de Recerca i Tecnologia Agroalimentàries, (IRTA), as described by Gabarra et al. (2015) . Five males and females were introduced for 24 h in a 1-L glass container with 50 mL of an artificial diet (agar 0.7%, yeast 1%, sucrose 1.7%, wheat-germ flour 12.5%, nipagin 0.1%, ascorbic acid 0.7% and ethanol 0.1%). After 3 days, the largest, most active larvae were used for the experiment. Using a thin paintbrush, they were placed on 2.5-cm diameter plastic containers filled with 5 mL of four different diets. These diets were four versions of the previously described diet: one with ELC at two different concentrations (see below), another with a commercial insecticide (Dimilin ® , Diflubenzuron (DFB), Kenogard S.A., Barcelona, Spain) that was used as a positive control diet; and a negative control diet enriched only with distilled water. The lyophilised ELC (stored at −20 ∘ C) was diluted in distilled water immediately before the experiment at two different concentrations (0.025% and 0.005%).
The DFB was diluted with distilled water to reach a 2% concentration following the producer's instructions. Both solutions were mixed (1:1) with the freshly prepared artificial diet once it reached room temperature. For the negative control, the diet was mixed with distilled water (1:1). Ten larvae were deposited on the surface of each 5-mL diet container, and 10 replicates were prepared for each of the four diet treatments. Containers were maintained in aerated 50-mL cylindrical plastic pots to avoid condensation. Pots were in a completely randomised design. They were checked daily for larval mortality, pupae formation, pupae mortality and adult emergence for 10 days. The experiment was held under controlled conditions at 25 ∘ C and a 16/8 h light/dark photoperiod. Larvae from each treatment were examined using an Olympus Fluoview 1000 Confocal Laser Scanning Biological Microscope (Olympus Corporation, Tokyo, Japan). Images were captured by the Olympus UPlansApo 5× and 20× objectives using Leica LAS EZ software (Leica Microsystems, Wetzlar, Germany). Before observation, the larvae were stained for 1 h at room temperature with two fluorescent dyes: concanavalin A (ConA at 50 μg mL −1 ; Molecular Probes, Eugene, OR, USA) and
Hoechst 33342 (at 12 μg mL −1 ; Molecular Probes, Eugene, OR, USA), with fluorescence emission at 518 and 461 nm, respectively. Images were processed using the Imaris software (Bitplane, Belfast, UK). Ten larvae were analysed by confocal microscopy 3 days after they were immersed in three different artificial diets: (a) supplemented with ELC (0.005%), (b) supplemented with DFB (2%) or (c) non-modified diet (control). The larval size of 10 specimens was measured using 5× images. The lyophilised ELC was stored at −20 ∘ C and diluted at 0.005% in MQ water-Silwet L-77 (0.01%) immediately before plant application. The diluted ELC was applied with a paintbrush to the new and fully developed leaves of each plant. Control plants were treated with MQ water-Silwet L-77 (0.01%) using the same method. The 0.025% ELC concentration was tested in strawberry and raspberry plants (three for each). The possible toxic effect was investigated on overexposed strawberry and raspberry plants. For this purpose, the plants were treated with a 50-fold higher protein concentration (0.25%). All plants were in a completely randomised design.
The effect of ELC treatment was analysed for various physiological parameters in both host plants. The studied parameters were leaf chlorophyll concentration (CCM-300 Chlorophyll Content Meter; Opti-Sciences, Hudson, NH, USA), chlorophyll fluorescence by Fv/Fm ratio (JUNIOR-PAM; Heinz Walz GmbH, Germany), leaf gas exchange (IRGA; ADC BioScientific Ltd., Hoddesdon, UK) and water potential (Arimad 2 Scholander Chamber, MRC Ltd., Israel). Water potential was measured only on the detached leaves of strawberry plants because the petiole morphology of raspberry plants made it impossible to create an airlock in the Scholander chamber. All physiological parameters were measured in treated and control plants at 24, 72 h and 1 week after treatment.
Experiment 3: Relative expression of defence genes in F. × ananassa plants
The expression of selected defence genes were analysed in leaves treated with ELC (0.005%) for 4, 24 and 48 h after treatment compared to the control. The application of ELC followed the previously described method. Control plants were treated with distilled water-Silwet L-77 (0.01%). Treated leaves of five different plants were pooled at each time point, immersed in liquid nitrogen, homogenised to a fine powder and stored at −80 ∘ C until use. The total RNA of the pool was extracted in triplicate using the protocol described by Jaakola et al. (2001) , with further modifications published by Liao et al. (2004 Supermix (Bio-Rad, CA, USA). Real-time detection of fluorescence emission was performed on a CFX384 Real-Time System (Bio-Rad, CA, USA), and plates were edited using the CFX manager version 3.1 software. The selected plant genes were a polygalacturonaseinhibiting protein (FaPGIP) (Mehli et al., 2004) and two class II chitinases (FaChi2_1 and FaChi2_2) (Mehli et al., 2005) . The expression of target genes was normalised to the expression level of the ACTIN gene (Amil-Ruiz et al., 2013) . The expression of the ACTIN gene was analysed individually and remained constant with time. The relative expression (RE) of each gene was calculated compared to non-treated plants that were harvested at each time point. The sequences of primers used are detailed in the supplemental material (Table S1 , Supporting Information). Standard curves from serial dilutions of sample cDNA were used to confirm that primer efficiency was 100 ± 2%. The expression of the target gene relative to the expression of the reference gene was calculated using the 2 −ΔΔCt method (Livak & Schmittgen, 2001 ). The results are means of five treated plants with three technical replicates per plant.
Statistics
The three experiments used a completely randomised design with ten replicates in experiment 1, five in experiment 2 and three in experiment 3. Continuous data were analysed using the Statistica 7.0 software (StatSoft Inc., Tulsa, OK, USA). The Normal distribution was confirmed, and data that did not conform to a Normal distribution were transformed with logarithm and logit corrections before applying parametrical tests. To determine statistical differences among groups, a one-way analysis of variance (ANOVA) was used for experiments 1 and 3. Data from experiment 2 were analysed using a split-plot in time ANOVA. The means were compared with Fisher's least significant difference (LSD) test, and differences at P < 0.05 were considered significant. The post hoc t-test of Fisher-LSD was used to compare groups in pairs for experiments 1 and 3. Statistical results are detailed in Tables S2-S4 .
Results
Insecticidal properties of Euphorbia latex chitinase
The purified chitinase obtained from E. characias latex (ELC) induced 100% mortality in D. suzukii larvae at a 0.025% concentration. Mortality was also high at a fivefold lower concentration (0.005%) ( Table 1 ; statistical results in Table S2 ). The results obtained with the first ELC treatment on larval mortality were higher than those obtained using commercial insecticides (2%), based on DFB, even though the assayed concentration of DFB was 80 and 400 higher than ELC. The highest ELC concentration avoided complete pupal formation or adult emergence, and both parameters were below 10% at the lowest assayed ELC concentration. In contrast, DFB treatment induced the following life stage, and 80% of the larvae were in the pupal stage 5 days after treatment, similar to the control diet. However, these pupae did not evolve into adults (0% adult emergence) ( Table 1) . The results for the non-modified diet revealed that the experiment was useful to evaluate drug toxicity, because larval mortality was reduced and adult emergence reached 60%. Larval size confirmed the previous results and evidenced reduced larvae development on the drug-supplemented diets compared to the control (distilled water) ( Table 1 ; statistical results in Table S2) . Surprisingly, larval bodies were completely desegregated in the ELC 0.025% treatment, which made measurements impossible. DFB decreased the size of larvae by 40% (23% in length and 57% in width) compared to the control diet. Growth reduction was more significant in the ELC 0.005% treatment, with 66% smaller larvae compared to control (59% in length and 73% in width). The decrease in growth was noticeable in confocal images (Fig. 1) .
Microscopic images showed alterations caused by both substances (ELC 0.005% and DFB) on D. suzukii larval morphology after 3 days immersed on modified diets (Fig. 1) . Larvae fed the control diet showed heavily stained structures with both fluorescent dyes, compared to ELC-and DFB-supplemented diets. Larval DNA was labelled with Hoechst dye (red), which uniformly covers the larval body and perfectly outlines the external morphology of the control larva (Fig. 1G ). Larvae treated with DFB and ELC showed lower red fluorescence intensity, and the external structure was considerably altered (Fig. 1A and Fig. 1D ). Internal structures that were hidden in the control larva were clearly visible in the affected larvae. ConA dye (green), which stains cell wall sugars, was less permeable than Hoechst dye in all samples, but there were also differences among treatments. Control larva accumulated ConA dye in specific zones with strong intensity (Fig. 1H ) that was reduced with DFB treatment (Fig. 1E) and disappeared almost completely with ELC Table S3 . treatment (Fig. 1B) . The 3D images, with red and green fused channels, validated the general tissue degradation caused by modified diets; this was especially evident with ELC treatment (Fig. 1C and Fig. 1F ).
Effect of Euphorbia latex chitinase treatment on D. suzukii host plants
The studied physiological parameters (leaf chlorophyll concentration, chlorophyll fluorescence, leaf gas exchanged and water potential) revealed that plant activity was not particularly altered during the analysis period when both species were treated with ELC ( Fig. 2 ; statistical results in Table S3 ). With constitutively lower chlorophyll content, raspberry plants registered a reduction in this parameter 72 h after treatment that recovered to control levels 1 week later ( Fig. 2A) . Thus, ELC treatment did not induce pigment degradation when the plant leaves were exposed to a concentration of 0.005%. Chlorophyll fluorescence, gas exchange and water relationships in ELC-treated plants were compared to control plants (Fig. 2B-Fig. 2D ). These three parameters proved that the Euphorbia chitinase did not alter the normal function of the photosynthetic apparatus. A fivefold higher concentration (0.025%) did not affect the leaves of strawberry and raspberry plants 1 week after exposure (data not shown) but did cause 100% larval mortality. Only an overdose using a 10 times higher concentration (0.25%) induced necrosis in the leaf borders, but the leaf blade remained intact (Fig. 3) .
The activation of three plant defence genes (Chi2_1, Chi2_2 and PGIP) was studied in a time-course experiment after ELC treatment ( Fig. 4 ; statistical results in Table S4 ). The highest RE was observed 4 h after leaf exposure to the ELC (0.005%) for the three genes. One and two days after ELC application, the RE of genes was reduced to approximately 1. The results based on these three genes revealed that the plant defence system was slightly activated in the early hours after ELC application but fell to basal levels or was even down-regulated 24 h later.
Discussion
The effectiveness of a protein extracted from E. characias against a soft fruit pest is evaluated in this study. Low concentrations of the chitinase (0.025% and 0.005%) induced total and high mortality on D. suzukii larvae, respectively. In contrast, the commercial insecticide DFB, which was tested at a 400-fold higher concentration, generated just 20% larval mortality. In our bioassays, the effectiveness of DFB was observed at the pupal stage. This insecticide, chemically known as 1-(4-chlorophenyl)-3-(2,6-difluorobenzoyl) urea, was described by Hajjar & Casida (1978) as an effective chitin degrader against the hemipter Oncopeltus fasciatus. The authors reported rapid actuation of DFB within the insect integument, blocking the final polymerisation step in chitin formation. Grosscurt (1978) described the ovicidal and larvicidal activity of DFB as being more effective in younger insect instars. Based on this information, this commercial insecticide was an optimal positive control in our experiments. The tested concentrations of the ELC compared to DFB confirmed the former's powerful effect as a chitin degrader.
In previous study by Spanò et al. (2015) , this tested protein from E. characias latex was identified as a class III endochitinase using amino-acid sequence analysis. The protein hydrolyzed colloidal chitin into N-acetyl-D-glucosamine, chitobiose and chitotriose. As in other class III chitinases, the protein did not show antifungal activity, but insecticidal properties were expected. A laticifer protein from other Euphorbia (E. tirucalli L.) did not exert inhibition against phytopathogenic fungi, although insecticidal activity was not investigated (Souza et al., 2011) . Our results confirmed the insecticidal effect of this ELC, inducing high larval mortality. In accordance with other authors, plentiful toxic compounds isolated from plant latex have been related to a defensive role, especially against herbivorous insects (Hagel et al., 2008; Agrawal & Konno, 2009; Konno, 2011; Kitajima et al., 2013) . Two latex proteins purified from mulberry (Morus Table S4. sp., Fam. Moraceae) showed insecticidal activity against D. melanogaster (Kitajima et al., 2010) . The percentages of larval mortality were similar to ours (between 80% and 100%), although the assayed concentrations (0.1%) were 4-and 20-fold higher than our tested ELC concentrations. In the study of Ramos et al. (2007) , laticifer proteins from C. procera showed insecticidal action against various pests and at much higher concentrations (4% and 0.1%).
The ELC generated clear alterations to larval bodies that were visualised in confocal images. There is no precise information about the chitin percentage in D. suzukii larvae, but as in other larval insects, it is likely to cover the midgut peritrophic matrix (Zimoch et al., 2005) . Chitin is present in the cuticle; larvae initially possess a smooth cuticle (Alexandre, 2008) . Based on this information, chitinase damage could be expected both internally and externally, and confocal images showed significant damage to the external structure. Moreover, reduced growth, specifically observed in larvae supplemented with ELC, is compatible with impaired guts, which could avoid the proper intake and absorption of nutrients to induce smaller larval size. Therefore, an antifeedant activity of ELC cannot be discarded. Other authors have observed growth retardation in some caterpillars fed an artificial diet containing sugar-mimic alkaloids isolated from mulberry latex (Konno et al., 2006) . Despite the lack of a specific stain for chitin, the observed damage in larvae exposed to ELC is compatible with chitin degradation. Further information about the mechanism of action of this E. characias chitinase should be sought in future studies.
The spotted wing Drosophila recently invaded Europe from its Asiatic habitat and has caused significant damage to soft fruit plants (Calabria et al., 2012; Cini et al., 2012) . Among its hosts, strawberry and raspberry plants were selected to study the effects of pest control treatment on the host plants. Based on this objective, plant physiological parameters such as the leaf chlorophyll concentration, chlorophyll fluorescence, leaf gas exchange and water potential were studied. Because primary metabolism is rapidly affected after abiotic or biotic stress, the selected parameters are expected to be excellent stress markers (Lichtenthaler, 1996; Verslues et al., 2006; Chaves et al., 2009) . ELC treatment (0.005%) caused 93% larval mortality without disturbing any physiological parameters of insect host plants considered in this study.
Plant chitinases are commonly expressed under stress situations, and therefore, the possible activation of these proteins or other defence genes was investigated in F. × ananassa plants once they were exposed to the ELC. The RE of two genes (Chi2_1 and Chi2_2) that encode class II chitinases and a third (PGIP) that encodes a polygalacturonase-inhibiting protein are described to play a role in plant defence and were selected to analyse the possible influence of the ELC on plant defence reactions. Although the plant defence system was slightly activated in the early hours after ELC application, the later plant defence reaction was not as strong as that observed after a real insect attack. This indicates that ELC is not an elicitor of the expression of defence genes in the host. One well-known plant defence elicitor is chitin because oligomers or monomers of chitin are usually liberated during an insect attack on plants that activates the plant defence system. For example, chitosan, a commercial product obtained from alkaline degradation of crustacean exoskeletons, activated the expression of 18 defence genes in strawberry fruits (Landi et al., 2014) . However, there are no literature references to chitinases that activate plant defence. The role of a foreign chitinase in a plant has been investigated in transgenic organisms. Tobacco plants expressing plant (Broglie et al., 1991) , insect (Rossi et al., 2012) or fungal (Dana et al., 2006) chitinases had higher resistance to biotic stress.
Conclusions
To the best of our knowledge, this is the first report on the effectiveness of a plant chitinase against the spotted wing Drosophila. As ELC was efficient against D. suzukii at concentrations that were harmless to the plants, our results open the door for the development of integrated pest management strategies based on the disruption of the cuticle and peritrophic matrix of insects. The ELC studied in this study could be an environmentally friendly alternative to chemicals with a similar mode of action to the commercial insecticide DFB. The commercial insecticide DFB is currently recommended to control various forest and crop pests, but some adverse effects have been detected, such as resistance (Reyes et al., 2007) , severe mortality to non-target insects (Brunner et al., 2001) and persistence in aquatic ecosystems (Apperson et al., 1978) . Modern societies demand less aggressive methods of crop protection to develop sustainable agriculture. In this sense, the proteic nature of the ELC reduces long-term activity on the environment and could reduce effects on non-target organisms. P = 0.05; d.f., degrees of freedom associated with LSDs and SEDs. Table S3 Results of the split-plot point analysis of variance (ANOVA) for the four physiological studied parameters that are represented in Fig. 2 . SED, standard error of the difference between the means; LSD 5%, least significant difference between these means at P = 0.05; d.f., degrees of freedom associated with LSDs and SEDs. Table S4 Results of the two-way analysis of variance (ANOVA) test represented in Fig. 4 . SED, standard error of the difference between the means; LSD 5%, least significant difference between these means at P = 0.05; d.f., degrees of freedom associated with LSDs and SEDs.
